ABSTRACT
INTRODUCTION
In the realm of modern medicine, there is ongoing discussion as to how to diagnose disease early. Accompanying the development of nuclear medicine, Positron Emission Tomography was developed. This method has made a great contribution in the early discovery of tumors. A variety of PET modalities have also been created in the last few decades. After human take labeled radioisotope for few minutes, a great number of coupled gamma rays are generated in opposite directions due to the annihilations. The modalities detect different coinciding events by different levels of metabolic activities in the patient's body and transform these events into raw data. Physicians can then make a diagnosis by using those images reconstructed from those data with an appropriate image reconstruction technique.
Traditional two-dimensional transaxial image reconstruction methods are only concerned with direct projection information for the reason of rapid processing, therefore, they can obviously only reconstruct images of poor image quality due to the lack of system sensitivity. Following the development of three-dimensional data reconstruction, unparallel projections, also known as oblique projections, can also be collected. Incorporation of oblique projection information greatly improves data sensitivity but significantly increases the volume of projection data. projection data. Rebinning methods are utilized in this regard to cut down on the processing time in some of the analytical versions of the reconstruction methods, but the goal of a true three-dimensional image reconstruction method is to reconstruct the image from both direct and oblique projection data which can be measured by machines. Because of the physical limit of the axial length of machines, part of the oblique projection data are unmeasured in the threedimensional data collection process. The 3DRP method produces the first image estimate from initial parallel projection and estimates the unmeasured projection data by forward projection using the first image estimate.
The steps of the original 3DRP method are as follows (1) A three-dimensional low-statistics image is formed from the subset of projection data for which the angles are small enough. (2) This first image is then forward projected, or re-projected, onto the region of missing projection data in the remaining subset of the projection planes. (3) The new set of projection data is filtered and backprojected along with the original complete projection to form a high-statistics, threedimensional image, using the appropriate filter. A three-dimensional PSF (Point Spread Function) filter was proposed early by Colsher, effects resulting from different acceptance angles and filters were experimented and analyzed. The function f(r) was defined as the distribution function of an arbitrary object where represents an image space coordinate(r, , ) as illustrated in Figure 1 the function h(r) represents the PSF function of an arbitrary point. The function g(r)is used to define the back-projected image.
Since f(r) is the image to reconstruct, a typical two-dimensional imaging method first computes the In the past twenty years, analytic, iterative [1] [2] , and series methods have been proposed for direct threedimensional image reconstruction for PET. In order to cut down processing time, in the early days of this method rebinning [3] was employed to transform the three-dimensional data into two-dimensional form. However, the rebinned two-dimensional data is not what is actually measured by machines and therefore this information is unsatisfactory. In 1989, Kinahan and Rogers [4] proposed a reprojection method, so called 3DRP, to carry out real three-dimensional image reconstruction in this regard. The algorithm employs two passes of an analytic filtered backprojection(FBP) and adopts Colsher's [5] finding to limit the acceptance angle to attain better image quality. One 3DRP example, called PROMIS PROjection MISsing data used in the commercial implementation of CTI, is the most widely used 3D reconstruction algorithm.
Although both Colsher's and Kinanhan's research findings have been used in image reconstruction in practice, quantified and experimental statistics are still lacking for measuring the effects of both different acceptance angles and system sensitivity regarding oblique projections. Therefore, in this paper, we analyze and experiment on the influencing parameters affecting both image quality and system sensitivity. Special attention is paid to the improvement of the direct image estimate of 3DRP. It is well known that PET image quality depends heavily on the sensitivity of the information. Moreover, the deficiency in the sensitivity of the data used by the current 3DRP method further worsens PET image quality because of the multiplicative effects caused by the reprojection process.
The program STIR [6] fits into our experimentation because it has developed the complete codes of 3DRP image reconstruction using Colsher's filter. We simulate our newly proposed reconstruction method with the STIR program, and improve the sensitivity of the first image estimate by rebinning different oblique projections and use the image for improving the sensitivity of unmeasured oblique projections for additional images in the whole 3D image set. Therefore, the image quality of this modified 3DRP method will be improved through analysis of the intermediate sinograms and their integration into a final reconstructed image.
3DRP PET IMAGE RECONSTRUCTION
To overcome the problem of a lack of sensitivity, three-dimensional image reconstruction methods have been effectively employed to improve image quality. However, the reconstruction time becomes a concern because of the drastic increase in the size of the 
According to the above equations, Colsher's reconstruction method can be summarized as follows:
(1) Back-project the selected event f (r') into three-dimensional array g(r) (2) Apply Fourier transform to three-dimensional array g (r) , that is In the original form of the 3DRP image reconstruction algorithm proposed by Kinahan and Rogers' two phases of the filtered back-projection method are employed. Two-dimensional filtered backprojection is followed by the three-dimensional filtered back-projection in their corresponding phases. As drawn in Figure 2 , a geometric angle is defined first as the maximum acceptance angle for the gantry geometry. Tangential line formed by the truncated cylinder and inner ring together with line Z along the axial direction decides the maximum angle min for the allowed events. FOV(Field of View) is defined by the four regions sectioned by four min each in different directions. From the conclusions drawn from the TTR [7] [8] algorithms, different min can lead to different FOV by algorithmic methods. The conclusion can also be drawn that different min could lead to different FOV. Better reconstructed image can be expected from smaller FOVs [9] . More cross-plane projections can be collected and utilized by adjusting the critical parameter min as shown in Figure 2 .
Attributed to the limitation of instrumentation and acceptance angle, some of the projection information is missing as illustrated by Figure 3 . Shift-invariance property of Fourier-Convolution theory no longer holds. This truncated cylinder machine physics caused by the missing data prevents the three-dimensional filtered back-projection method from being used by image reconstruction. On the contrary, the traditional two-dimensional filtered back-projection and the threedimensional Fourier Rebinning method are not affected. Therefore, the missing projection data needs to be compensated in order to apply the threedimensional filtered back-projection to perform the fast image reconstruction.
To overcome the above mentioned problem, Kinahan and Rogers proposed the 3DRP algorithm with the following detailed approach:
(1) According to Colsher's finding, a threedimensional low-statistics image is formed from he subset of projection data for which is limited to 90 . The first image estimate then is later used for forward projection. (2) The projection information whose acceptance angle are either less than min and greater than ( / 2-min) are generated by forward projecting the initial image estimate to make up the missing data. 
filtering operation to reconstruct the highresolution three-dimensional image. 3DRP image reconstruction method takes into account the missing projection problem by estimating it to get the composite image. The angle min can be made smaller to obtain better image quality with smaller FOV. Three-dimensional filtered backprojection can be used for direct reconstruction with good performance.
RESEARCH METHOD

STIR and MATLAB 3D Phantoms
In our method, we place emphasis on the modification of the first two steps of the 3DRP method. The goal is to increase the sensitivity of the estimated projection data for generating better quality reconstructed images. In order to take into account the oblique projection information for more sensitive information, the rebinning method was used to conduct the transformation into corresponding direct projections. The rationale is two fold. First, the quality of the initial direct image estimate can be enhanced because of the extra counts information. Second, a better image estimate can be utilized to produce the reprojected images of quality. SSRB (Single Slice ReBinning) method [10] is adopted where the rebinned sinograms are formed from averaging all of the oblique sinograms that intersect the direct plane at the center of the transaxial field of view.
In principle, our proposed 3DRP improvement does not require the change in PET geometry or any machine specific settings. Because of the high cost of both PET equipment operation and the radioactive materials used, a few software programs have been created for simulation. STIR (Software for Tomographic Imaging Reconstruction) is specifically developed for PET image reconstruction research. It contains a complete code for the major functionalities of the image reconstruction techniques in detail, and is still under development. STIR is written in C++ language and is designed as an object-oriented library. The object-oriented features make this library very modular and flexible. This means that it is relatively easy to add new algorithms, filters, projectors or even a different type of image discretisation. The STIR software is also freely available for downloading. The STIR library is also portable on all systems supporting the GNU C++ compiler or MS Visual C++, and we use it under Linux environment to conduct our experiment. We adopt the STIR program as the basis for conducting the simulation because it has developed a complete program set of 3DRP reconstruction methods with the Colsher's filter. Extensions are made to customize the original code for our experiment needs.
The STIR program has two input/output file formats, as illustrated by Table . The file format is extended from the Interfile [11] whose standard is well known for medical images. The Header file is written in regular ASCII text, and mainly records some information from data such as source machine, image size, image pixel size, etc. The accompanying Data file is binary, which records image data.
Volume-and View-mode classifications used by the CTI machine are also adopted for threedimensional PET image data in STIR, as shown in Figure 4 . Sinogram is represented by both view angle and tangential position dimensions providing a fixed axial position. The Viewgram is represented by both axial and tangential position dimensions providing a fixed view angle. Thus, the Sinogram and Viewgram are merely different methods of representation viewed from different perspectives. View is defined as the azimuthal angle of an LOR (Line Of Response) and the segment is the set of merged sinograms with a common range of average ring differences. Span is a number used to describe how much axial compression has been used and is utilized in our experiment to manipulate the acquisition of both direct and oblique projections. The size of the segment is determined by the span setting and is therefore machine dependent.
We use two programs from STIR for our experiment; one is the fwdtest program, and the other is the FBP3DRP program. The fwdtest program can manage to select parameters from various machines to produce different projection data files, either a sphere FBP3DRP program is an FBP implementation for the 3DRP method with the input being projection data and output being image data, both with an Interfile format. The objects generated by original STIR simulation have only two default shapes. They do not fit well in practice for further study. In our implementation, we perform the reconstruction method by inputting the more realistic image data. Shepp-Logan phantom is a test image commonly used by researchers in radiographic tomography and the Modified SheppLogan phantom, like the one shown in Figure 5 , is a variant of the Shepp-Logan phantom in which the contrast is improved for better visual perception.
Our experiment adopts three-dimensional analogue of MATLAB Shepp-Logan phantom, which is extended by varieties of 2D Modified Shepp-Logan phantom. Following the execution of the downloaded phantom3d.m program, it generates a 3D head phantom that can be used to test 3D reconstruction algorithms. The phantom information is represented by an accessible three-dimensional image matrix. By executing the MATLAB instruction -figure, imshow(squeeze(ph(64,:,:))), it produces a slice of the 3D head phantom. By using the MATLAB save instruction, the matrix can be saved as an output image file with .mat extension. 3D image slices can be extracted with the same direction at different offset to form a stack of 2D images. To comply with the requirements of the STIR running environment, we transform those 2D images into files with an Interfile format as the input for the STIR program.
3DRP-SSRB
The four steps of FBP3DRP program are as follows:
(1) Reconstruct first image estimate from direct complete projections with one-dimensional ramp filter;
(2) Forward project first image estimate to reconstruct the missing line integrals, also called unmeasured data; The estimated method is using siddon's algorithm [12] . (3) Merge the unmeasured data with the measured data (4) Reconstruct the final image using 3DFBP with two-dimensional Colsher's filter. Our proposed method does not intend to change the forward projection characteristics of 3DRP, the goal instead is to improve the sensitivity of the first image estimate by increasing the amount of projection data in first step of 3DRP. Our method uses not only direct projection data but also oblique projection data for better estimating the first image. The impact of image blurring caused by angle enlargement is also evaluated.
Under the 3DRP method, the data measured by the machine contain both direct and oblique data and they are accessible for processing. Therefore, the first two steps of the FBP3DRP program are modified to proceed in the following way. First, choose all of the projection data with various angles and rebin the oblique projection data into the direct projection data to form the composite projection data. Second, reconstruct the first image estimate from the composite projection data for future forward projections. The new first two steps are shown in Figure 6 . Third, forward project the first image estimate as shown in Figure 7 to reconstruct the unmeasured data for the projection image planes whose angles are oblique. The last two steps are the same as the ones of the FBP3DRP program. Lastly, merge the unmeasured data with the measured data to complete the missing projection information and then reconstruct the final image using the 3DFBP method.
The steps of our revised 3DRP-SSRB method are as follows (1) Inclusion of both direct and oblique projection data, and then rebinning the oblique projection data into the direct projection data; (2) An initial composite image estimate is formed by incorporating the projection data; (3) This first image is then forward projected, or re-projected, onto the region of missing projection data in the remaining subset of the projection planes; (4) The new set of projection data is filtered and back-projected along with the original complete projection to form a high-sensitivity, three-dimensional image, using the appropriate filter. According to the findings of PSF filter H -1 (s) and derived by Colsher, and H -1 (s) are related. Therefore, the angle of the chosen events in the first step of Colsher's reconstruction method are limited between / 2-and / 2+ . The result of Colsher's experiment revealed that the degree of image blurring is proportional to the size of angle . The reconstructed image would be best when is zero. Therefore, must be small enough to comply with the invariant property for the angles of the detected events in image reconstruction. Comparing Colsher's method with the section-by-section reconstruction method, Colsher's method effectively uses more counts. Therefore, Colsher's method is a major improvement terms of data sensitivity.
According to Colsher's research findings, the acceptance angle must be small enough to avoid both the blurring and the resolution reduction of the reconstructed image. Therefore it is critical to investigate the effect of the acceptance angle resulting from the enhanced first image estimate of our proposed rebinning method. The trade-off analysis is then made by incorporating the oblique projections in our experiment in order to ascertain the relationship between sensitivity influences and Colsher's filter effect.
Experimental Results
Under STIR, the fwdtest program forward projects the input image into the projection data which are stored in two files, one is the header file with extension .hs and the other is the actual data file with extension .s. By controlling the span parameter, different number of sinograms of various ring differences can be merged into the segment blocks. The needed composite projection data can be expected by conducting the rebinning operation via the execution of STIR utility program SSRB. Work around the design of the STIR program, we use segment #0 of projection data as the sources of direct projection data. On the other hand, oblique projection data come from corresponding segments depending on the machine specific span information. Once the projection information is complete, the SSRB method is utilized to rebin the oblique projection data into direct projection planes.
Therefore, the steps of our experimented 3DRP-SSRB method are as follows:
(1) Adopt three-dimensional MATLAB phantom to obtain a series of 2D images, and transform those 2D images into the interfile format files as the input of STIR fwdtest program. Then execute fwdtest program to forward project the input image data into the projection data. (2) Rebin oblique projection data into direct projection data to form the composite direct projection data by using SSRB method. The oblique projection information is governed by both the segment and span definitions of different PET scanners. (3) Execute the FBP3DRP program and input the composite direct projection data to obtain the reconstructed first image estimate. The image estimate is then used to again forward project to fill up the missing projection portion in order to overcome the problem of truncated machine geometry. The incorporation of oblique projections can be manipulated and adjusted for different settings of the experiment. (4) The relations between sensitivity information and reconstructed image quality are analyzed to find better configuration parameters. To generate the ECAT931 test image files test_image.hv and test_image.v for the output as specified by the first step of our 3DRP-SSRB method, fwdtest program was used with corresponding 15, the output image array information of program phantom3d.m were scaled first and 15 two-dimensional image slices are then extracted by using both MATLAB squeeze and save instructions. Central image slice 89 to 103 were used in our experiment and stored with .mat extension as illustrated in Figure 8 .
In order to generate a STIR-compatible input image file, a program was written to combine the original 15 phantom3d output files into the Interfile format. The limited [0,1] range was also scaled to that of the standard floating number. fwdtest then was used to perform the forward projection to generate the projection data sonogram files for analytic reconstruction. In the second step mentioned above, STIR utility SSRB was employed to rebin the oblique projections into their corresponding parallel projections as proposed by our enhancement scheme. Span was set to 15 and mashing factor was set to 1 in the setting of our experiment parameters. The initial image estimate then was created using FBP2D for later operations. At last, the initial image estimate was used along with the FBP3DRP to perform a threedimensional reconstruction.
Among the criteria used to compare the quality of the reconstructed image, noise, resolution, and contrast are the common ones in the research [13] . In our conducted experiment, it is the assumption that only resolution and contrast are checked to solely evaluating the rebinning effect. Figures 9, 10 , and 11 line up the reconstructed images of different slice groups for 2DFBP, 3DRP, and our 3DRP-SSRB schemes in three vertical columns for comparisons.
As compared to the original input images shown in Figure 8 , there is noticeable contrast degradation for nearly all slices of the three reconstruction methods. The low-contrast phenomenon occurs for all methods, indicating that it is due to the specific way in the internal handling of range scales. However, there is no significant distinction in terms of the contrast information among the three methods in this regard.
To quantitatively evaluate the quality of the reconstructed image, an MSE (Mean Squared Error) estimator is used to estimate the expected variation between the output and the input images. From the numbers listed in Table , it can be concluded that 2DFBP outperformed the two three-dimensional reconstruction methods in the central slices. On the contrary, the three-dimensional methods reconstructed better near the both ends of the image sequences as opposed to the traditional two-dimensional reconstruction. In particular, our proposed 3DRP-SSRB method demonstrated its superior image quality by showing the least MSE figures among all three tested methods in our experiments. Therefore, reprojection-based three-dimensional reconstruction method is the better choice consistently and oblique projection can be rebinned to improve the image quality with insignificant computational overhead according to our research findings. The graphical representation is shown in Figure 12. 
CONCLUSIONS
3DRP method estimated the missing projection information by forward projecting the initial image estimate to form the final image composite. Only the direct projection data are used to generate the initial image estimate in complying with Colsher's findings. This work demonstrated the trade-off between image quality and the sensitivity information by improving the initial image estimate. SSRB was performed prior to the forward projection to take into account the oblique information for generating the initial image estimate. According to the experiment result, better MSE are achieved for most of the final images except for some minor deviation in the central image slices. The only drawback is the perceptible contrast degradation as opposed to the two-dimensional filtered back-projected images. It can be concluded that better final images can be reconstructed by using both 3DRP and our 3DRP-SSRB methods according to the axial distance differentiation. Although SSRB is employed in our experiment of this research, this methodology described here is also directly extendible to other common schemes such as FORE for potentially better results. For complete understanding of geometric information, machine parameter span information can be experimented to test its impact over reconstructed image quality. 
